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Cell differentiation versus cell death: extracellular 
glucose is a key determinant of cell fate following 
oxidative stress exposure 

RC Poulsen*' 1 , HJ Knowles 1 , AJ Carr 1 and PA Hulley 1 

Cells, particularly mechano-sensitive musculoskeletal cells such as tenocytes, routinely encounter oxidative stress. Oxidative 
stress can not only stimulate tissue repair, but also cause damage leading to tissue degeneration. As diabetes is associated with 
increased oxidative damage as well as increased risk of tendon degeneration, the aim of this study was to determine if 
extracellular glucose levels alter the response of tendon cells to oxidative stress. Primary human tenocytes were cultured in 
either high (17.5 mM) or low (5 mM) glucose and treated with 100 /iM hydrogen peroxide. In low glucose, peroxide-treated cells 
remained fully viable and collagen synthesis was increased, suggesting an anabolic response. In high glucose, however, 
peroxide treatment led to increased bim-mediated apoptosis. The activities of both forkhead box O (F0X01) and p53 were 
required for upregulation of bim RNA expression in high glucose. We found that both p53-mediated inhibition of the bim 
repressor micro RNA (miR17-92) and FOX01 -mediated upregulation of bim transcription were required to permit accumulation of 
bim RNA. High glucose coupled with oxidative stress resulted in upregulation of miR28-5p, which directly inhibited expression of 
the p53 deacetylase sirtuin 3, resulting in increased levels of acetylated p53. In peroxide-treated cells in both high and low 
glucose, protein levels of acetylated F0X01 as well as HIF1a (hypoxia-inducible factor 1a) were increased. However, under 
low-glucose conditions, peroxide treatment resulted in activation of p38, which inhibited FOX01 -mediated but promoted 
HIF1a-mediated transcriptional activity. In low glucose, HIF1a upregulated expression of sox9 and scleraxis, two critical 
transcription factors involved in establishing the tenocyte phenotype, and increased collagen synthesis. The switch from 
FOX01 -mediated (proapoptosis) to HIF1a-mediated (prodifferentiation) transcription occurred at an extracellular glucose 
concentration of 7 mM, a concentration equivalent to the maximum normal blood glucose concentration. Extracellular glucose 
has a profound effect on the cellular response to oxidative stress. A level of oxidative stress normally anabolic may be 
pathological in high glucose. 
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Oxidative stress is both beneficial and harmful in biological 
systems. Generated during aerobic metabolism and in 
response to mechanical loading, reactive oxygen species 
(ROS) are critical secondary messengers essential for the 
promotion of cell differentiation and tissue remodelling. 1,2 
However, damage caused by oxidative stress is a 
major contributor to tissue degeneration and disease. 2,3 
Cells have developed a number of strategies to minimize 
ROS-induced damage. Transcription factors such as p53 
and the forkhead box O (FOXO) are induced by oxidative 
stress and directly regulate expression of genes 
whose products mediate antioxidant defence and damage 
repair. 4-6 In the event of irreparable ROS-mediated 
damage, p53 and FOXOs can induce apoptosis, 7,8 thereby 



sacrificing the afflicted cell to avoid compromising overall 
tissue health. 

Although oxidative stress promotes FOXO and p53 
expression, metabolic cues fine-tune their activity. Modulators 
of FOXO and p53 activity include phosphatidylinositol- 
3-kinase (PI3K), the sirtuins, and p38 mitogen-activated 
protein kinase (MAPK), all of which are regulated by cellular 
energy status. 7,9-11 Metabolic sensors can also regulate 
the prosynthetic response of cells to oxidative stress as PI3K, 
the sirtuins, and p38 also regulate activity of hypoxia-inducible 
factor 1a (HIF1a), 12-14 a transcription factor that can be 
induced by oxidative stress under normoxic conditions 15 and 
that promotes collagen deposition. 16,17 As a result, PI3K, 
sirtuins, and p38 can have powerful roles in controlling which 
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of the transcription factors induced in response to oxidative 
stress are activated. 

Diabetes and hyperglycaemia are risk factors for the 
development of a number of degenerative conditions, includ- 
ing those affecting musculoskeletal tissues. 18 " 21 The tendon 
appears to be particularly susceptible to damage with one 
study reporting degenerative changes in ~ 40% of diabetic 
patients. 20 Oxidative damage and excessive cell death are 
also common features of degenerative conditions, 3,22 raising 
the possibility that the ability of tissues to withstand oxidative 
stress may be impaired by hyperglycaemia. The purpose of 
this study was to determine whether extracellular glucose 
levels influence the cellular response to oxidative stress, a 
stressor to which cells are frequently exposed. 

Results 

Extracellular glucose controls cell fate following oxidative 
stress. Primary human tenocytes were treated with varying 
concentrations of hydrogen peroxide to determine the 
concentration that is proapoptotic to these cells. A significant 
increase in the level of apoptosis was evident in cells treated 
with 100/iM peroxide but not in cells treated with lower 
peroxide concentrations (Supplementary Figure). In order to 
determine if extracellular glucose levels influence cell fate 
following exposure to oxidative stress, tenocytes were 
cultured in either standard media (containing 17.5mM 
glucose, 'high glucose') or media containing 5mM glucose 
('low glucose') and treated with 100^M H 2 0 2 for 18 h. Level 
of apoptosis (determined by measuring caspase 3/7 activity) 
was ~ 1 .5 times greater in peroxide-treated cells cultured in 
high glucose compared with untreated controls (Figure 1a). 
Level of apoptosis was not increased in peroxide-treated 
cells cultured in low glucose following 18 h (Figure 1a) or 7 
days (Figure 1b) of treatment. Compared with untreated 
controls, peroxide-treated cells cultured in low glucose 
expressed higher RNA levels of coMal and col1a2, the gene 
products of which form type 1 collagen (Figures 1c and d), 
suggesting a level of oxidative stress lethal to cells in high 
glucose may be anabolic to cells in low glucose. 

Both p53 and FOX01 are required for apoptosis in 
oxidative stress-exposed cells cultured in high glucose. 

As the FOXO forkheads and p53 are known to induce 



apoptosis in oxidative stress-exposed cells, we wanted to 
determine if there was any difference in expression of these 
transcription factors in peroxide-treated cells in high 
compared with low glucose. By western blotting, we found 
that the protein levels of FOX03a were unchanged 
(Figure 2a); however, levels of acetylated FOX01 
(Figure 2b) were markedly higher in peroxide-treated cells 
compared with untreated controls regardless of the level of 
extracellular glucose. Levels of total FOX01 (Figure 2c) were 
higher in peroxide-treated cells in high glucose compared 
with untreated controls; however, the difference was less 
dramatic than that seen for acetylated FOX01 (Figure 2b). 
Interestingly, basal levels of FOX01 expression were 
higher in cells cultured in low glucose compared with high 
glucose. No additional increase in FOXOI protein levels was 
apparent following peroxide treatment of cells in low glucose 
(Figure 2c). There was no difference in level of phosphory- 
lated protein kinase B (PKB) (Figure 2d) or in levels of 
FOX01 phosphorylated on the PKB-target residue S256 
(Figure 2e) in peroxide-treated cells cultured in high 
compared with low glucose. Using immunocytochemistry, 
we found FOX01 was predominately localized in the nucleus 
in peroxide-treated cells cultured in high as well as low 
glucose (Figure 2f). 

Levels of phosphorylated (S15) p53 were significantly 
higher in peroxide-treated cells cultured in high glucose 
compared with either untreated controls or peroxide-treated 
cells cultured in low glucose (Figure 2g). Levels of p53 
acetylated on K382 were significantly greater in peroxide- 
treated cells cultured only in high, not low glucose (Figure 2h). 

To determine the roles of FOX01 and p53 in peroxide- 
treated cells cultured in high glucose, we used RNA 
interference (RNAi) to knock down FOX01 or p53 expression 
(Supplementary Figure). Knockdown of either FOX01 or p53 
completely prevented apoptosis in peroxide-treated cells 
cultured in high glucose (Figure 2i), indicating that the 
presence of both transcription factors is required for 
apoptosis. 

Both FOX01 and p53 can directly regulate transcription of 
genes such as puma and noxa whose products are involved in 
apoptosis induction. 23,24 We found that the RNA levels of 
puma, but not noxa, were significantly higher in oxidative 
stress-exposed cells cultured in high glucose (Figures 3a and b). 
Puma RNA levels were significantly lower in peroxide-treated 
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Figure 1 Exposure to oxidative stress results in different cell fate outcomes depending on the level of extracellular glucose (a) Level of apoptosis, as determined by 
measuring caspase 3/7 activity, was significantly higher in peroxide-treated cells cultured in high (17.5 mM) glucose compared with either untreated controls or peroxide- 
treated cells cultured in low (5 mM) glucose following 18 h of treatment, (b) No increase in level of apoptosis occurred in peroxide-treated cells cultured in low glucose for 7 
days. RNA levels of (c) collal and (d) co/7a2were significantly higher in peroxide-treated cells cultured in low glucose compared with untreated controls or peroxide-treated 
cells cultured in high glucose. Statistically significant (P<0.05) differences between treatments are indicated by *. Experiments were performed on cells isolated from a 
minimum of three different patients. Results are expressed as mean ± S.D. 
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Figure 2 FOX01 and p53 are activated in oxidative stress-exposed cells in high glucose (a) Protein levels of FOX03a quantified by measuring relative band density from 
western blots were unchanged by peroxide treatment, (b) In contrast, levels of acetylated FOX01 were significantly higher in peroxide-treated cells in both high and low 
glucose, (c) Protein levels of total FOX01 were significantly higher in peroxide-treated cells cultured in high glucose compared with untreated controls. FOX01 protein levels 
were also significantly higher in cells cultured in low compared with high glucose. There was no significant difference in FOX01 protein levels between peroxide-treated or 
untreated cells cultured in low glucose. No change in levels of (d) phosphorylated PKB or (e) phosphorylated FOX01 was observed, (f) By immunocytochemistry using a 
FOX01 -targeting primary antibody and a dylight-488 (green) secondary antibody, FOX01 was found to be present in the nucleus in peroxide-treated cells in both high and low 
glucose. DAPI (blue) was used to label nuclei. Levels of (g) phosphorylated p53 (S15) and (h) acetylated p53 (K382) were significantly higher in peroxide-treated cells 
compared with untreated controls. Although phosphorylated p53 was detected in peroxide-treated cells in low glucose, levels were lower than those in peroxide-treated cells in 
high glucose. No increase in level of acetylated p53 was apparent in peroxide-treated cells in low glucose, (i) Level of apoptosis (as measured by caspase 3/7 activity) was not 
significantly different from untreated controls in peroxide-treated cells in which either FOX01 or p53 expression had been knocked down by RNAi. Refer Supplementary 
Information for western blots demonstrating level of knockdown achieved by RNAi. Statistically significant (P<0.05) differences between treatments are indicated by *. 
Results are expressed as mean ± S.D. Experiments were performed on cells isolated from a minimum of three different patients. Representative western blotting and 
photomicrograph images are shown 



cells cultured in high glucose in which p53 (but not FOX01) 
had been knocked down by RNAi, indicating that p53 activity 
was largely responsible for driving the increase in puma levels 
under these conditions (Figure 3c). However, knockdown of 
puma had no significant effect on the level of apoptosis 
following peroxide treatment, suggesting that under the 
experimental conditions employed loss of puma activity was 
insufficient to prevent apoptosis induction (Figure 3d, 
Supplementary Figure). 

Bim is another proapoptotic protein known to be involved in 
oxidative stress-induced apoptosis. 25 We found that RNA 



(Figure 3e) and protein (Figure 3f) levels of bim were elevated 
in peroxide-treated cells cultured in high glucose. Level of 
apoptosis was significantly lower in peroxide-treated cells in 
which bim expression had been knocked down by RNAi 
(Supplementary Figure), indicating that bim had a major role 
in apoptosis initiation (Figure 3g). 

p53 cooperates with FOX01 to increase bim RNA levels 
by inhibiting expression of miR17-92. Surprisingly, we 
found that RNA expression of bim was significantly lower in 
peroxide-treated cells in which either FOX01 or p53 
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Figure 3 Oxidative stress-induced apoptosis in cells cultured in high glucose is mediated by bim RNA levels of (a) puma but not (b) noxa were significantly higher in 
peroxide-treated cells cultured in high glucose compared with untreated controls. No increase in (c) RNA levels of puma were apparent in peroxide-treated cells in which p53 
(but not FOX01) expression had been knocked down by RNAi. (d) There was no difference in level of apoptosis in peroxide-treated cells in which puma expression had been 
knocked down by RNAi compared with peroxide-treated controls. (Refer Supplementary Information for western blots demonstrating level of knockdown achieved by RNAi.) 
Both (e) RNA and (f) protein levels of bim were higher in peroxide-treated cells cultured in high glucose compared with untreated controls, (g) Level of apoptosis was 
significantly lower in peroxide-treated cells in which bim had been knocked down by RNAi compared with peroxide-treated controls. (Refer Supplementary Information for 
western blots demonstrating level of knockdown achieved by RNAi.) Statistically significant (P<0.05) differences between treatments are indicated by *. Results are 
expressed as mean ± S.D. Experiments were performed on cells isolated from a minimum of three different patients. Western blot images shown are representative of those 
obtained for all patients 



expression had been knocked down compared with per- 
oxide-treated controls (Figure 4a). Although FOX01 is 
known to regulate bim transcription, 23 bim is not a transcrip- 
tional target of p53. p53 is known to inhibit the expression of 
micro RNA (miR17-92), 26 a cluster of miRNAs that includes 
the negative regulator of bim miR17-5p. 27 We found that 
levels of miR17-92 were significantly lower in peroxide- 
treated cells cultured in high glucose compared with 
untreated controls (Figure 4b) or compared with cells in 
which p53 expression had been knocked down (Figure 4c). 
Using an miR17-5p mimic, we overexpressed miR17-5p in 
tenocytes. We found that RNA levels of bim were significantly 
lower in peroxide-treated cells cultured in high glucose 
expressing the mimic compared with peroxide-treated con- 
trols (Figure 4d). Next, we transfected cells with an miR17-5p 
inhibitor before treatment with the p53 inhibitor pifithrin-a 
(PFTa). In cells expressing the miR17-5p inhibitor, RNA 
levels of bim were significantly higher following cotreatment 
with peroxide and PFTa compared with cells expressing a 
nontargeting miR inhibitor control (Figure 4e). These results 
demonstrate that inhibition of miR17-5p can compensate for 
loss of p53 activity in peroxide-treated cells and restore bim 
expression. 

Reduced sirtuin 3 expression in peroxide-treated cells 
cultured in high glucose contributes to an increase in 
acetylated p53 levels. Next, we wanted to understand why 
an increase in levels of acetylated p53 only occurred in 
peroxide-treated cells cultured in high but not low glucose. 



Two members of the sirtuin family, sirtuins 1 and 3, are 
known to deacetylate p53. 28 ' 29 We found RNA (Figures 5a 
and b) and protein (Figures 5c and d) levels of sirtuin 3 but 
not sirtuin 1 were significantly lower in peroxide-treated cells 
cultured in high (but not low) glucose compared with 
untreated controls. To determine whether the reduced levels 
of sirtuin 3 were responsible for the increased levels of 
acetylated p53 in peroxide-treated cells, we overexpressed 
sirtuin 3 in these cells using an adenoviral vector bearing a 
sirtuin 3 construct (adSirt3). We found that the levels of 
acetylated p53 were lower in adSirt3-infected peroxide- 
treated cells compared with peroxide-treated cells infected 
with a green fluorescent protein (GFP)-bearing adenoviral 
control (adGFP) (Figure 5e). These results indicate that the 
reduction in sirtuin 3 levels in peroxide-treated cells 
contributes to the increase in levels of acetylated p53 in 
these cells. 

Sirtuin 3 is a direct target of miR28-5p. To determine the 
mechanism responsible for the reduction in sirtuin 3 levels in 
peroxide-treated cells in high glucose, we performed a 
database search of miRNAs predicted to target sirtuin 3. 
We found that the levels of one candidate miRNA, miR28-5p, 
were significantly higher in peroxide-treated cells cultured in 
high but not low glucose compared with untreated controls 
(Figure 5f). Interestingly, levels of miR28-5p were markedly 
higher in untreated controls cultured in high compared with 
low glucose, suggesting that extracellular glucose levels may 
regulate miR28-5p expression (Figure 5g). 
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Figure 4 F0X01 and p53 cooperate to upregulate bim expression, (a) RNA levels of bim were lower in peroxide-treated cells in which expression of either F0X01 or p53 
had been knocked down by RNAi. (b) Levels of the miRNA cluster miR1 7-92 were significantly lower in peroxide-treated cells cultured in high glucose compared with untreated 
controls, (c) miR17-92 levels were significantly higher in cells in which p53 expression had been knocked down by RNAi compared with controls, (d) RNA levels of bim were 
significantly lower in peroxide-treated cells cultured in high glucose transfected with a miR17-5p mimic compared with peroxide-treated controls, (e) RNA levels of bim were 
significantly lower in peroxide-treated cells cultured in high glucose cotreated with the p53 inhibitor PFTa compared with cells treated with peroxide alone or compared with 
cells cotreated with peroxide and PFTa and transfected with a miR17-5p inhibitor. Statistically significant (P<0.05) differences between treatments are indicated by *. 
Experiments were performed on cells isolated from a minimum of three different patients 



To determine if miR28-5p inhibits sirtuin 3 expression, we 
transfected peroxide-treated cells cultured in high glucose 
with a miR28-5p inhibitor. We found that RNA levels of sirtuin 
3 were significantly higher in inhibitor-treated cells compared 
with controls (Figure 5h). Next, we transfected peroxide- 
treated cells cultured in low glucose with a miR28-5p mimic 
and found that levels of sirtuin 3 were significantly lower in 
mimic-treated cells compared with controls (Figure 5i). To 
confirm if sirtuin 3 is a direct target of miR28-5p, we 
simultaneously transfected cells with the miR28-5p mimic 
and a reporter plasmid in which the 3' UTR sequence of sirtuin 
3 had been inserted downstream of the secreted Gaussia 
luciferase (GLuc) reporter gene driven by a SV40 promoter. 
We found that activity of the GLuc-sirt3 3'UTR reporter was 
significantly lower in cells transfected with the miR28-5p 
mimic compared with cells transfected with a mimic control 
(Figure 5j). These data indicate that upregulation of miR28-5p 
in peroxide-treated cells cultured in high glucose results in 
inhibition of sirtuin 3 expression. 

p38a is activated in oxidative stress-exposed cells under 
low glucose and promotes HIF1 a activity. Although levels 
of acetylated p53 were not increased in peroxide-treated 
cells cultured in low glucose, levels of acetylated FOX01 
were still elevated. To determine why FOX01 did not induce 
apoptosis in peroxide-treated tenocytes cultured in low 
glucose, we measured transcriptional activity of FOX01 
using a FOXO luciferase reporter. We found that the reporter 
activity was significantly higher in peroxide-treated cells 



cultured in high but not low glucose, indicating that FOX01 
was not transcriptionally active in low glucose (Figure 6a). 
p38 has previously been shown to act as a molecular switch 
inhibiting FOXO-dependent transcription and promoting that 
of HIFIa. 14 We found that phosphorylated p38a levels were 
higher in peroxide-treated cells cultured in low but not high 
glucose compared with untreated controls (Figure 6b). 
Protein levels of HIF1a were higher in peroxide-treated cells 
cultured in either high or low glucose compared with non- 
peroxide-treated controls (Figure 6c). However, using a HIF 
luciferase reporter, we found that HIF activity was only 
significantly higher in peroxide-treated cells cultured in low 
but not high glucose (Figure 6d). To confirm that HIFta 
was transcriptionally active under these conditions, we 
infected tenocytes with an adenoviral construct carrying a 
/-//F7a-targeting silencing RNA (siRNA) sequence adsiHIFIa 
(adenoviral vector bearing silencing RNA targeting hypoxia- 
inducible factor 1a). We found that RNA levels of known HIF 
target genes were significantly higher in peroxide-treated 
adGFP controls but not in peroxide-treated adsiHIFIa cells 
(Supplementary Figure). 

To determine the involvement of p38a, we treated cells 
cultured in low glucose with peroxide and a p38 inhibitor. We 
found that HIF reporter activity was significantly lower 
(Figure 6e), but FOXO reporter activity significantly higher 
(Figure 6f), in peroxide-treated cells cultured in low glucose 
treated with the p38 inhibitor compared with non-inhibitor- 
treated cells. Both HIF1a and FOX01 directly regulate 
transcription of superoxide dismutase 2 (SOD2). 30,31 
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Figure 5 Sirtuin 3 is a novel target of miR28-5p. RNA levels of (a) sirtuin 3 but not (b) sirtuin 1 were lower in peroxide-treated cells cultured in high glucose compared with 
untreated controls. Similarly, protein levels (as measured by relative quantification of the band density from western blots) of (c) sirtuin 3 were significantly lower in peroxide- 
treated cells cultured in high glucose compared with untreated controls or cells cultured in low glucose with or without peroxide treatment, (d) However, protein levels of sirtuin 
1 were not significantly different between treatments, (e) No increase in the level of acetylated p53 was observed in peroxide-treated cells cultured in high glucose and infected 
with a sirtuin 3-bearing adenoviral vector (adSirt3). A GFP-bearing adenoviral vector (adGFP) was used as a control, (f) Levels of miR28-5p were significantly higher 
in peroxide-treated cells cultured in high but not low glucose compared with untreated controls, (g) Graph highlighting the difference in levels of miR28-5p in untreated cells in 
high and low glucose (note the y-axis scale differs from that in f). Levels of miR28-5p were higher in untreated cells cultured in high glucose compared with in cells cultured in 
low glucose, (h) In cells cultured in high glucose, RNA levels of sirtuin 3 were significantly higher in peroxide-treated cells transfected with a miR28-5p inhibitor compared with 
peroxide-treated controls, (i) Conversely, in cells cultured in low glucose, RNA levels of sirtuin 3 were significantly lower in cells expressing a miR28-5p mimic compared with 
peroxide-treated controls, (j) Activity of a 3'-UTR sirtuin 3 reporter in which the 3' UTR sequence of sirtuin 3 had been inserted downstream of the secreted GLuc reporter gene 
was significantly lower in cells transfected with a miR28-5p mimic compared with non-mimic expressing cells. A secreted alkaline phosphatase (SEAP) reporter driven by the 
CMV promoter cloned into the same vector served as an internal control for transfection efficiency. The miR28-5p mimic had no effect on the negative control 3'UTR construct, 
demonstrating its specificity for the sirtuin 3 3'-UTR. Statistically significant (P<0.05) differences between treatments are indicated by *. Results are expressed as 
mean ± S.D. Experiments were performed on cells isolated from a minimum of three different patients. Western blot images shown are representative of those obtained for all 
patients 



We found that RNA levels of SOD2 were significantly higher in 
peroxide-treated cells cultured in low glucose compared with 
untreated controls (Figures 6g and h). Knockdown of FOX01 
using RNAi had no effect on SOD2 expression (Figure 6g); 
however, RNA levels of SOD2 were significantly lower in cells 
in which HIF1a expression had been knocked down 
(Figure 6h), providing further support for the notion that HIF1 a 
rather than FOX01 was transcriptionally active under these 
conditions. 

Having established that extracellular glucose levels deter- 
mine whether HIF1a or FOX01 is transcriptionally active 
following peroxide treatment, we wanted to determine the 
glucose concentration at which this switch occurred. We 
found that the activity of the HIF reporter was significantly 
higher than untreated controls in peroxide-treated cells 
cultured in 6mM glucose, but not at higher glucose 
concentrations (Figure 6i). Conversely, activity of the FOXO 
reporter was only significantly higher than untreated controls 
in peroxide-treated cells cultured in >7mM glucose 
(Figure 6i). 

HIF1a promotes tenocyte differentiation by upregulating 
expression of sox 9 and scleraxis. Finally, we wanted to 
determine what effect increased HIF1a activity had on cell 



fate in oxidative stress-exposed cells in low glucose. We 
found that RNA (Figure 7a) and protein (Figure 7b) levels of 
sox9, a critical regulator of both chondrocyte and tenocyte 
differentiation 32 and a known HIF1 target gene, 33 were 
significantly higher in peroxide-treated adGFP-infected cells 
cultured in low glucose compared with untreated controls. No 
change in either RNA (Figure 7a) or protein (Figure 7b) levels 
of sox9 occurred in peroxide-treated cells infected with 
adsiHIFIa. Similar to sox9, we found that RNA (Figure 7c) 
and protein (Figure 7d) levels of scleraxis, a key determinant 
of tenocyte differentiation 32 were significantly higher in 
peroxide-treated adGFP-infected cells cultured in low 
glucose, but not in peroxide-treated cells infected with 
adsiHIFIa. 

A discriminating feature of the tenocyte, as opposed to the 
chondrocyte phenotype, is the type of collagen produced; 
tenocytes produce type 1 collagen, whereas chondrocytes 
produce type 2 collagen. Expression of collal and col1a2, the 
gene products of which form type 1 collagen, was significantly 
higher in peroxide-treated adGFP-infected but not adsiHIFIa- 
infected cells cultured in low glucose compared with controls 
(Figures 7e and f). In contrast, col2a1 expression was not 
detectable in peroxide-treated cells cultured in low glucose for 
up to 72 h (data not shown). 
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Figure 6 Transcriptional activity of FOX01 and HlF1a is governed by p38. (a) Activity of a FOXO luciferase reporter was significantly higher in peroxide-treated cells 
cultured in high but not low glucose compared with untreated controls, (b) Levels of phosphorylated p38 (as determined by western blot) were higher in peroxide-treated cells 
cultured in low but not high glucose compared with untreated controls, (c) Protein levels of HlF1a were higher in peroxide-treated cells cultured in either high or low glucose. 
Protein levels of HIFI2 were also higher in untreated cells cultured in low glucose compared with untreated cells cultured in high glucose, (d) Activity of a HIF luciferase 
reporter was significantly higher than untreated controls in peroxide-treated cells cultured in low but not high glucose, (e) In low glucose, activity of the HIF reporter was 
significantly lower in peroxide-treated cells cotreated with a p38 inhibitor (SB2021 90, 1 0 nM) compared with cells treated with peroxide alone, (f) Activity of the FOXO luciferase 
reporter was significantly higher in peroxide-treated cells in low glucose cotreated with the p38 inhibitor compared with non-inhibitor-treated cells, (g) RNA levels of SOD2were 
significantly higher in peroxide-treated cells in low glucose compared with untreated controls. Knockdown of FOX01 by RNAi had no effect on S0D2 RNA expression. 
However, (h) SOD2 RNA levels were significantly lower in peroxide-treated cells in which Hif 1 1 expression had been knocked down by RNAi. Statistically significant (P< 0.05) 
differences between treatments are indicated by *. (i) Activity of the HIF luciferase reporter (black bars) and FOXO luciferase reporter (white bars) in peroxide-treated cells 
cultured in varying concentrations of glucose compared with non-peroxide-treated cells (assigned the arbitrary value of 1 and shown by the dashed line). There was no 
difference in FOXO or HIF reporter activity between non-peroxide-treated cells cultured in different concentrations of glucose. Statistically significant (P< 0.05) differences in 
either FOXO or HIF reporter activity between peroxide-treated cells and untreated controls for each glucose concentration are indicated by *. Results are expressed as 
mean ± S.D. All experiments were performed on cells isolated from at least three different patients. Images shown are representative of those obtained for all patients 



Collagen prolylhydroxylases are enzymes essential for 
extracellular collagen deposition. We found that RNA levels of 
the prolyl-4-hydroxylases P4HA1 (Figure 7g) and P4HA2 
(Figure 7h) were significantly higher in peroxide-treated 
adGFP-infected cells, but not in peroxide-treated adsiHIFIa- 
infected cells compared with untreated controls. These data 
indicate that HIF1 1 activity may promote both the synthesis as 
well as extracellular deposition of type 1 collagen. 

Discussion 

In healthy individuals, blood glucose is tightly maintained 
within the range of 4-7 mM. In diabetics, levels can rise 



considerably higher. Serious health consequences can occur 
when levels exceed 13 mM, and concentrations of ~33mM 
are often lethal. 34 In the present study, peroxide treatment of 
tenocytes cultured in standard high-glucose medium 
(17.5 mM, equivalent to a hyperglycemic blood glucose 
concentration) led to a significant increase in apoptosis. 
However, in cells cultured in 5mM glucose (a normoglycemic 
blood glucose concentration), exposure to the same level of 
oxidative stress resulted in no loss of cell viability and instead 
led to increased synthesis of type 1 collagen, the major protein 
component of tendon. 

We found that the apoptosis induction in peroxide-treated 
cells cultured in high glucose was dependent on the presence 
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Figure 7 HlF1a upregulates tenocytes marker expression. An adenoviral vector bearing siRNA targeting H/F?a was used to knock down H!F1a expression in primary 
human tenocytes. A GFP-bearing adenoviral vector was used as a control, (a) RNA and (b) protein levels of sox9 were higher in adGFP-infected peroxide-treated cells cultured 
in low glucose compared with either adGFP-infected non-peroxide-treated cells or adsiHIFI ct-infected peroxide-treated cells. Similarly, (c) RNA and (d) protein levels of 
scleraxis were higher in adGFP-infected peroxide-treated cells cultured in low glucose compared with either adGFP-infected non-peroxide-treated cells or adsiHIFI a-infected 
peroxide-treated cells. RNA levels of (e) cohal and (f) col1a2 were also significantly higher in adGFP-infected peroxide-treated cells cultured in low glucose compared with 
either adGFP-infected non-peroxide-treated cells or adsiHIFIa-infected peroxide-treated cells. RNA levels of the collagen prolylhydroxylases (g) P4HA1 and (h) P4HA2were 
also significantly higher in adGFP-infected peroxide-treated cells cultured in low glucose compared with either adGFP-infected non-peroxide-treated cells or adsiHIFI a- 
infected peroxide-treated cells. A P-value of <0.05 was considered statistically significant. Results are expressed as mean ± S.D. All experiments were performed on cells 
isolated from at least three different patients. Images shown are representative of those obtained for all patients 



of both FOX01 and p53, and was at least partly due to a 
cooperative effect of the two transcription factors on regula- 
tion of bim expression. FOX01 is known to directly promote 
bim transcription, 23 whereas p53 has previously been shown 
to inhibit expression of miR17-92, 26 a cluster of miRNAs that 
includes the bim repressor miR17-5p. 27 Results from our 
study indicate that p53-mediated inhibition of miR17-92, and 
consequently of miR17-5p, contributes to the upregulation of 
bim RNA levels in oxidative stress-exposed cells cultured in 
high glucose. Our data suggest that, in order for bim 
RNA levels to accumulate, both increased transcription 
(mediated by FOX01) as well as prevention of bim RNA 
degradation (mediated by p53) are required. FOXOs and p53 
are known to cooperatively mediate apoptosis by a variety of 



mechanisms. They are also known to reciprocally 
regulate each other's activation. 35 The extent of cross-talk 
that can occur between p53 and FOX01 is exemplified in the 
present study by the almost complete protection against 
apoptosis induction when expression of either of these 
transcription factors was ablated. It should be noted, however, 
that FOXO-mediated cell death is not always dependent on 
p53. 38,39 FOXOs and p53 can form partnerships with a 
number of other transcription factors allowing for context- 
specific regulation of their function. 39 

The increase in levels of acetylated p53 in peroxide-treated 
cells in high glucose in the present study was at least partially 
due to reduced levels of sirtuin 3, a p53 deacetylase and 
regulator of p53 activity. 29 We found that peroxide treatment 
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under high-glucose conditions resulted in miR28-5p-mediated 
inhibition of sirtuin 3, identifying sirtuin 3 as a novel target of 
thismiRNA. Recently, nuclear factor (erythroid-derived 2)-like2, 
an oxidative stress-induced transcription factor involved in 
antioxidant defence, 40 was also identified as a target of 
miR28. 41 Increased miR28 expression by oxidative 
stress under high glucose conditions may therefore have 
far-reaching consequences leading to impaired antioxidant 
defence as well as activation of proapoptotic pathways. 
Reduced antioxidant defence is likely to further promote p53 
activation and may have contributed to the increase in 
phosphorylation of p53 we observed in peroxide-treated cells 
under high glucose. 

The lack of FOX01 transcriptional activity in peroxide- 
treated cells under low glucose conditions in the present study 
was surprising given that FOX01 could be detected in the cell 
nucleus and that FOX01 was also acetylated. Acetylation of 
FOXOs is essential for their binding to the FOXO response 
element in target genes such as bim 23 and hence is usually an 
indicator of FOXO activation. However, FOXOs are subject to 
regulation by a number of different enzymes, including the p38 
MAPK that directly phosphorylates FOXOs. 42 Under low 
glucose conditions, we found that peroxide treatment led to 
increased activation of p38a, which in turn inhibited FOX01 
transcriptional activity. This is consistent with previous reports 
describing inhibition of FOX01 -dependent transcription by 
p38, 14,42 but in contrast to studies that have shown a 
stimulatory effect of p38 on nuclear localization and subse- 
quent activation of FOX03a, 43,44 suggesting p38 may 
differentially regulate different members of the FOXO family. 
Interestingly, Chiacchiera era/. 14 found that inhibition of p38a 
initiated a switch from HIF1a- to FOXO-dependent transcrip- 
tion in colorectal cancer cells. 14 In our study, although protein 
levels of HIF1a were higher in peroxide-treated cells 
compared with untreated controls regardless of extracellular 
glucose, HIF1a was only transcriptionally active in cells 
cultured in low glucose. In keeping with the findings of 
Chiacchiera era/., 14 this activation was found to be dependent 
on p38a and is likely a result of direct phosphorylation of Hif 1 a 
by p38, a mechanism known to promote Hif 1 a transcriptional 
activity 45 

Activation of p38 can lead to either prosurvival or 
proapoptotic effects depending on the stimulus. For instance, 
under high-glucose conditions, p38 activation contributes to 
the induction of apoptosis. 46 However, activation of p38a by 
oxidative stress promotes cell survival. 47 The difference in 
outcome of p38 signalling depends on both the isoform 
activated as well as the presence of other interacting 
regulatory pathways 48 In the present study, we observed 
increased p38a activation only in peroxide-treated cells in low 
glucose, not high glucose. This raises the possibility that high 
glucose prevents the normal oxidative stress-induced (and 
hence prosurvival) activation of p38. 

Finally, we found that peroxide treatment of tenocytes 
cultured in low glucose led to increased expression of both 
coll a1 and coll a2, the gene products of which form the type I 
collagen heterotrimer. This increase in type I collagen 
synthesis was dependent on HIF1a, and was likely due to 
HIF1a-mediated promotion of scleraxis expression. Scleraxis 
is a marker of the tenocyte lineage and is itself a transcription 



factor, which directly regulates expression of collal and 
col1a2. 49,50 To our knowledge, regulation of scleraxis 
expression by HIF1 is a novel finding and may have important 
implications for the understanding of tenocyte differentiation 
and tendon development. 

Results from the present study suggest an intriguing 
scenario in which oxidative stress results in indiscriminate 
upregulation of both anabolic and proapoptotic factors. Which 
of the two pathways prevails depends on extracellular glucose 
levels (Figure 8). Interestingly, we found that the switch in 
activation of these two divergent pathways occurred at an 
extracellular glucose level of 7 mM, a concentration equivalent 
to the maximal normal blood glucose level. These results may 
imply that elevated blood glucose levels even in the non- 
diabetic range could predispose to oxidative stress-induced 
apoptosis at the expense of normal tissue maintenance and 
repair, leading to tissue degeneration. 

Materials and Methods 

Materials. Primary antibodies used in this study were as follows: sirtuin 1 clone 
E54, Novus Biologicals, Cambridge, UK; p53 clone DO-1, Life Technologies, 
Paisley, UK; F0X03a clone 75D8, FKHR (F0X01) clone EP927Y, phospho- 
F0X01 (Ser256) (cat. no. 9461), acetylated p53 (K382) clone EPR358(2), sirtuin 3 
clone C73E3, phospho-p53 (cat. no. 9284P); phospho-Akt (S473) (clone 193H12 
and pan Akt (cat. no. 9272), all from Cell Signaling Technologies, Danvers, MA, 
USA; Bim (cat. no. 202000), Merck KGaA, Darmstadt, Germany; HIF1a (cat. no. 
610959), BD Biosciences, Oxford, UK; acetyl-FOXOI (K259, K262, K271) (cat. no. 
sc-49437) Santa Cruz Biotechnology; scleraxis (cat. no. ab58655), Abeam, 
Cambridge, UK; sox9 (cat. no. HPA001758) Sigma, Poole, UK; phospho-p38 
(T180/Y182) (cat. no. AF869) and pan p38a (cat no. AF8691) both from R&D 
Systems, Abingdon, UK. Cells-to-cDNA lysis buffer, DNase I and DNase buffer 
were purchased from Ambion, Austin, TX, USA. Random primers, reverse 
transcriptase (RT) buffer, MMLV reverse transcriptase, SYBR green and Taqman 
Master Mixes were purchased from Life Technologies. Quantitect primer assays 
for sirtuin 1, sirtuin 3, puma, lactate dehydrogenase, miR17-92 and noxa were 
purchased from Qiagen Ltd, Crawley, UK. Taqman primer/probe sets for bim, 
vascular endothelial growth factor-A, miR17-5p and miR28-5p were purchased 
from Life Technologies. Mimic and inhibitors for miR17-5p and miR28-5p as well 
as the respective controls were purchased from Life Technologies. The sirtuin 3 
adenoviral vector (adSirt3) was purchased from Vector Biolabs, Philadelphia, PA, 
USA. The siHIFIa adenoviral vector (adsiHIFIa) was custom-made by ABM 
Good, Richmond, BC, Canada. The GFP adenoviral vector (adGFP) was a kind 
gift from Dr Jillian Cornish, University of Auckland, NZ. Fetal bovine serum was 
purchased from Biosera, Boussens, France. PFTa and SB202190 were purchased 
from Sigma. Unless otherwise stated, all other chemicals were purchased from 
Sigma and were of the highest purity available. 

Cell culture. Tendon tissue was obtained from the Oxford Musculoskeletal 
BioBank and was collected with informed donor consent in full compliance with 
national and institutional ethical requirements, the United Kingdom Human Tissue 
Act, and the Declaration of Helsinki. Human tenocytes were obtained by explant 
culture of hamstring tendon used in repair of ruptured anterior cruciate ligament as 
previously described. 51 Previous studies demonstrate that primary tenocytes 
remain phenotypically stable until passage 5 when passaged subconfluence. 52 In 
the following experiments, cells were passaged at 70% confluence and used up 
until passage 3. Cells were routinely cultured in DMEM/F12 (containing 17.5 mM 
glucose 'high glucose', cat. no. BE12-719F, Lonza Group, Basel, Switzerland) 
supplemented with 5% FBS without antibiotics. Low glucose (5mM) DMEM-F12 
was made by mixing Hams-F12 (cat. no. BE12-615F, Lonza Group) with glucose- 
free DMEM (cat. no. E15-079, PAA Laboratories (now GE Healthcare, 
Little Chalfont, UK)) in a 50 : 50 ratio. The glucose-free DMEM was supplemented 
with 5mM Glutamax (Life Technologies), 15 mM HEPES and 5mM sodium 
pyruvate (both from PAA Laboratories) to ensure the formulation was identical to 
that of high-glucose DMEM-F12. The osmolarity range as specified by the 
manufacturer of glucose-free DMEM, Hams-F12 and DMEM-F12 was the same 
(286-356 mOsm). 
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Figure 8 Proposed mechanism for the differential response of tenocytes to oxidative stress under different extracellular glucose concentrations. Oxidative stress results in 
upregulation of both FOX01 as well as HIF1a. Under high-glucose conditions, miR28-5p levels are also upregulated, particularly in oxidative stress-exposed cells. miR28-5p 
directly inhibits expression of the p53 deacetylase sirtuin 3, allowing accumulation of acetylated p53. FOX01 promotes transcription of bim, the gene product of which is a 
proapoptotic protein. p53 inhibits expression of miR17-92, a cluster of miRNAs including the bim repressor miR17-5p. Downregulation of miR17-92 by p53 coupled with 
increased bim transcription by FOX01 allows accumulation of bim RNA levels and increased bim-mediated apoptosis. Under low-glucose conditions, however, the miR28- 
5p-sirt3-p53 pathway is not stimulated. Instead, p38 MAPK is activated and acts on both FOX01 and HIF1a, resulting in the inhibition of FOX01 transcriptional activity and 
activation of HIF1a. HIF1« promotes the expression of sox9 and scleraxis, two genes whose products are essential for tenocyte differentiation 



RNAi-mediated gene silencing. Cells were cultured for 18 h in serum-free 
DMEM-F12 with lipofectamine RNAimax (Life Technologies) (1.64/d/ml) and 
36 pM siRNA (nontargeting control catalogue number D-001810-01-05, Thermo- 
Scientific, Rockford, IL, USA; FOX01, p53 or puma, catalogue numbers 
SI02781415, SI02655170 and SI02655520 respectively, all from Qiagen Ltd) or 
bim (catalogue number 4390824, Ambion)). Lipofectamine-containing media was 
subsequently removed and replaced with standard growth media (DMEM-F12 
containing 5% FBS) for further 24 h before treating as appropriate for individual 
experiments. The success of gene knockdown was confirmed by western blotting 
48 h after transfection. 

Adenoviral-mediated gene transduction. Cells were plates at 50000/ 
ml and allowed to adhere overnight. Tenocytes were infected with the appropriate 
adenoviral vector at a multiplicity of infection of 35 using Xtremegene HP (Roche 
Diagnostics Ltd, Burgess Hill, UK) following the manufacturer's instructions. The 
sequence of the HIFIa-targeting siRNA duplex in the adsiHifla construct was 
5'-CUGAUGACCAGCAACUUGAdTdT-3' and 5'-UCAAGUUGCUGGUCAUCAGd 
TdT-3' as previously validated. 53 

Western blotting. Except for HIF1a blots, cells were sonicated in standard 
lysis buffer containing protease and phosphatase inhibitors. For HIF1 a blots, cells 
were sonicated in HIF lysis buffer (10% glycerol, 1% Tris-HCI pH 6.8 (1 M), 0.5% 
DTT (1 M), 0.01% SDS, 0.01% leupeptin (5mg/ml), 0.02% pepstatin (10mg/ml), 
and 39% urea (8mM)). Proteins were quantified using the Pierce 660 protein 
determination assay (non-HIF samples, ThermoScientific) or the Bradford BCA 
assay (HIF lysates, ThermoScientific) and lysates diluted as appropriate to ensure 
equal loading of total protein. Western blots were carried out according to standard 
protocols 51 and proteins visualised using Pierce WestDura detection reagents 
(ThermoScientific) using a Chemi Doc-It imaging system with Biochemi HR 
camera (UVP, Upland, CA, USA). 

Real-time RT-PCR. cDNA was prepared using a cells-to-cDNA kit as per the 

manufacturer's instructions (Ambion). Samples without reverse transcriptase and 
no-template controls served as negative controls. Real-time qPCR reactions were 



performed using a ViiA7 Real Time PCR System (Life Technologies). All samples 
were run in duplicate with a coefficient of variation between duplicates of < 1 .0 
cycle. Analysis was carried out using the delta-delta cT method 54 

HIF and FOXO reporter assays. Tenocytes were transfected with pHRG- 
TK Renilla luciferase (Promega, Madison, Wl, USA) and either PGK hypoxia- 
inducible factor response element-firefly luciferase (a gift from Professor Adrian 
Harris, University of Oxford, UK) or forkhead response element-luciferase (created 
by Michael Greenberg and described in Brunet ef a/. 7 , Addgene plasmid 1789, 
Addgene, Cambridge, MA, USA) plasmids using lipofectamine 2000 (Life 
Technologies). Luciferase activity was determined using the Dual-glo Luciferase 
assay (Promega) 8 h following treatments. 

Transfection of miR mimics and inhibitors. Tenocytes were plated at 
10000 cells/well in 96-well plates and allowed to adhere overnight. The next day, 
cells were transfected with either 50 nM of miRNA inhibitor or inhibitor control or 
30 nM of miRNA mimic or mimic control (all from Life Technologies) using 
lipofectamine 2000 (Life Technologies). After 6 h, lipofectamine-containing media 
was removed and cells were cultured in standard growth media containing 5% 
FBS for 48 h. Cells were then media changed to either high- or low-glucose media 
with or without peroxide as appropriate for individual experiments and cultured for 
a further 8h before collection of RNA for assessment of changes in gene 
expression. 

3'-UTR reporter assay. Cells were seeded at 10000/well in a 96-well plate 
and allowed to adhere overnight. Cells were then transfected with 100 ng of either 
negative control 3'-UTR (cat. no. CmiT000001-MT05) or Sirt3 3'UTR (cat no. 
HmiT006079-MT05) GLuc-SEAP vector (GeneCopoeia, Rockville, MD, USA) with 
30 nM of either miR28-5p mimic or mimic control using lipofectamine 2000 
(all from Life Technologies). Following 6 h, media was changed to standard culture 
media containing 5% FBS for further 18 h. Gaussia luciferase and secreted 
alkaline phosphatase activities were measured using a Secrete Pair TM Dual 
Luminescence Assay Kit following the manufacturer's instructions (GeneCopoeia). 
The Sirt3 3'-UTR reporter contained the GLuc gene under the control of the SV40 
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promoter. The 3'-UTR of sirtuin 3 was inserted downstream of GLuc, thus leading 
to the formation of a chimeric mRNA. A secreted alkaline phosphatase (SEAP) 
reporter driven by the CMV promoter cloned into the same vector served as an 
internal control for transfection efficiency. 

Immunocytochemistry. Tenocytes were plated at a density of 50 000 cells/ 
ml on coverglasses in 24-well plates and allowed to adhere overnight. Media was 
then changed to either high or low glucose with or without peroxide for a further 
8h. Cells were then fixed with 10% formaldehyde for 30min. Following washing, 
cells were permeabilised with 0.5% triton-X in PBS for 5 min. Non-specific binding 
sites were blocked by incubating in 3% horse serum for 1 h at room temperature 
before incubation in FOX01 primary antibody (diluted 1 :50) for 18 h at 4°C in a 
humidified chamber. Following thorough washing, cells were incubated with 
Dylight-488 anti-rabbit secondary antibody (Thermo-Fisher Scientific Ltd, Rock- 
ford, IL, USA; diluted 1 : 100 with PBS) for 45 min at room temperature, and then 
4'6-diamidino-2-phenylindole dichloride (DAPI) for a further 30 min at room 
temperature. Cells were then thoroughly washed with ddH 2 0 before mounting in 
VectaShield (Vector Laboratories Inc, Burlingame, CA, USA) and imaging on an 
Olympus BX40 microscope using an Olympus U-CMAD3 camera (Olympus, 
Southend-on-Sea, UK). IgG and secondary antibody controls were used to verify 
the specificity of the primary antibody. 

Statistical analysis. All experiments were repeated at least three times 
using different tissue donors for each experimental replicate. Results were 
analysed by one-way ANOVA with post hoc Tukey testing or by /-test if only two 
conditions were being tested. All data were analysed using Prism 5.0 b (GraphPad 
Software, La Jolla, CA, USA). P-value <0.05 was considered statistically 
significant. Results are expressed as mean ± S.D. 
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